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We show that sustainably harvesting ’blue’ energy from the spontaneous mixing process of fresh
and salty water can be boosted by varying the water temperature during a capacitive mixing pro-
cess. Our modified Poisson-Boltzmann calculations predict a strong temperature dependence of the
electrostatic potential of a charged electrode in contact with an adjacent aqueous 1:1 electrolyte.
We propose to exploit this dependence to boost the efficiency of capacitive blue engines, which
are based on cyclically charging and discharging nanoporous supercapacitors immersed in salty and
fresh water, respectively [D. Brogioli, Phys. Rev. Lett. 103, 058501 (2009)]. We show that the
energy output of blue engines can be increased by a factor of order two if warm (waste-heated) fresh
water is mixed with cold sea water. Moreover, the underlying physics can also be used to optimize
the reverse process of capacitive desalination of water.
PACS numbers: 92.05.Jn, 84.60.Rb, 92.40.Qk, 82.47.Uv, 05., 65.20.-w
In river mouths an enormous free-energy dissipation of
the order of 2kJ takes place for every liter of fresh river
water that mixes with an excess of salty sea water. This
so-called ‘blue energy’ can nowadays be harvested due to
newly available nanostructured materials such as selec-
tive membranes [1, 2] and nanoporous electrodes [3, 4], as
also used in supercapacitors [5]. In fact, several test fac-
tories have been built based either on pressure-retarded
osmosis using water-permeable membranes [6, 7] or on
reverse-electrode dialysis using ion-selective membranes
[8], and recently a lot of progress has been made with
capacitive mixing processes that involve highly porous
carbide derived electrodes [9–11]. In all these cases the
spontaneous and irreversible ionic mixing process is in-
tercepted and converted to a voltage difference by an
engine-like device, very much in the spirit of a Stirling
or Carnot engine that intercepts the spontaneous heat
flow between a hot and a cold heat bath and converts
it (partially) to the mechanical energy of a rotating fly-
wheel [12]. However, the temperature of the river- and
sea water has been assumed constant throughout the cy-
cle in all devices considered so far. Given the intrinsic
scientific and societal interest in combined chemical-heat
engines and heat-to-power converters, the ongoing de-
velopment and upscaling of blue-energy devices and test
factories, and the availability of a lot of waste heat in
the form of ‘warmish’ water in the industrial world, it is
timely to consider temperature-tuning in blue-energy de-
vices. In this Letter we predict that the work extracted
from capacitive mixing devices can be boosted by a fac-
tor of order two if warm fresh water is mixed with cold
salty water. Moreover, we show how varying the tem-
perature during a desalination cycle reduces the required
energy input substantially, and we predict on the ba-
sis of a general thermodynamic argument that adiabatic
(dis)charging processes lead to significant temperature
changes on the order of several degrees.
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Figure 1. (Color online) (a) Schematic of a blue engine con-
sisting of two water-immersed porous electrodes and a spacer
channel which is cyclically filled with either cold salty or warm
fresh water at low and high temperatures TL and TH. Each
electrode contains (b) macropores (∼ 50nm) acting as trans-
port channels and micropores (∼ 2nm) where most of the net
ionic charge is accumulated in (c) diffuse ionic clouds sepa-
rated from the electrode by a Stern layer of thickness R of
atomic dimensions inaccessible to the ions.
a water-immersed capacitor composed of two water-
filled porous electrodes that can be charged and dis-
charged by an external voltage source [3], see Fig. 1(a).
The porous electrodes typically consist of macropores of
∼50nm that act as transport channels and micropores
of ∼2nm in contact with most of the electrode surface
area [11]. The device undergoes a four-stroke charging-
desalination-discharging-resalination cycle, very much in
the spirit of a Stirling heat engine that performs an
expansion-cooling-compression-reheating cycle. Within
these capacitive mixing processes, the charging of the
electrodes take place while immersed in salty water,
whereas they are discharged in fresh water. The de-
and resalination steps are performed by flushing the elec-
trodes with fresh and sea water, respectively. The key
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2point of the cycle is the voltage rise across the elec-
trodes during desalination and the potential drop dur-
ing the resalination. These voltage changes at constant
charge stem from the Debye-like screening of the elec-
trode charge by a diffuse cloud of ions in the water next
to the electrode [3, 12]. Upon decreasing the bulk solu-
tion salinity, this diffuse double layer expands, leading to
a lower double layer capacitance, and thus a higher volt-
age at a fixed electrode charge. Analogous to mechani-
cal pressure-volume work performed by heat engines, the
area enclosed in the charge-voltage plane of the cyclic
process is the electrostatic work performed during the cy-
cle. In order to quantify this electric work, we need to cal-
culate the ‘equation of state’ of the electrolyte-electrode
system given by the voltage Ψ(σ) as a function of the
electrode charge density eσ, which also depends on the
water temperature, the salt concentration, and the typi-
cal volume-to-surface ratio L of the electrode. Note that
we will use σ as a control variable in our theoretical treat-
ment for convenience, whereas the potential Ψ is usually
the experimental control variable.
In order to render the calculations feasible, we ignore
the complex topology and the interconnected irregular
geometry of the actual nanoporous electrode [13] and
consider instead an electrode composed of two parallel
surfaces, each of area A/2 separated by a distance L of
the order of a nanometer, such that the electrode vol-
ume equals Vel = AL/2 and the total electrode charge
Q = eσA. If we assume an identical cathode and anode
(with charges ±Q and potentials ±Ψ), the total pore vol-
ume of both the electrodes of the blue engine is therefore
Ve = 2Vel = AL. This planar-slit electrode is presumed
to be in osmotic contact with a bulk 1:1 electrolyte with
total ion concentration 2ρs and bulk dielectric constant 
at temperature T , which mimics the diffusive contact of
the nanopores with the essentially charge-neutral macro-
pores and spacer channels. Introducing the Cartesian
coordinate z ∈ [0, L] between the two sides of the elec-
trode, we seek to calculate the electrostatic potential ψ(z)
for an electrode with a given homogeneous charge den-
sity eσ at z = 0, L from a modified Poisson-Boltzmann
theory given by [14–16],
βeψ′′(z) =
0 if z ≤ Rκ2 sinh (βeψ(z))
1− γ + γ cosh(βeψ(z)) if z > R
βeψ′(z)
∣∣
z=0+
= −4piλBσ
ψ′(z)
∣∣
z=L2
= 0, (1)
with the inverse temperature β = (kBT )
−1, the De-
bye length κ−1 = (8piλBρs)−1/2, the Bjerrum length
λB = βe
2/, and the elementary charge e. This theory
is based on a lattice gas model, with lattice cells singly
occupied by either an (hydrated) anion, cation or water
molecule. This effectively sets the size of all involved
species to the lattice spacing R, and furthermore sets an
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Figure 2. (Color online) Temperature dependence of the elec-
trode potential Ψ for different salinities and electrode charge
densities (high salt ρs = 0.6M, low salt ρs = 0.024M; high
charge σ = 2nm−2, low charge σ = 1nm−2). Solid lines are
numerical results for pore size L = 2nm, dashed lines repre-
sent Eq. (2) for L asymptotically large.
upper bound to the local ionic packing fraction via the
packing parameter γ = (8pi/3)ρsR
3 < 1 [14]. Through-
out we set R = 0.34nm such that the local salt concentra-
tion cannot exceed 10M. In this Letter we will focus on
the T -dependence, where one should realize that the di-
electric constant of liquid water at atmospheric pressure
decreases monotonically with temperature. A fit to ex-
perimental data [17, 18] reads (T, ρs) = (87.88−0.39T +
0.00072T 2)(1.0−0.2551ρs +0.05151ρ2s−0.006889ρ3s ) with
ρs in molar, and T in degrees Celsius, which leads, per-
haps counterintuitively, to a Bjerrum length that in-
creases with temperature.
The electrode potential Ψ = ψ(0), defined with respect
to bulk water, can be calculated numerically by solving
the closed set (1) for fixed system parameters σ, ρs, T ,
R, and L. Note that ψ(z) drops linearly with z across
the ion-free Stern layer 0 < z < R. In Fig. 2 we plot the
temperature dependence of Ψ for L = 2nm for low and
high salinity and low and high electrode charge, together
with the limiting large-L expression [14, 16]
Ψ =
2kBT
e
sinh−1
√
exp [2γ(σ/σ∗)2]− 1
2γ
+
4pieσR

, (2)
where σ∗ =
√
2ρs/(piλB) is a cross-over surface charge
density that separates the linear screening regime (σ 
σ∗) from the non-linear screening regime (σ  σ∗). Fig-
ure 2 reveals that Ψ rises not only with increasing σ
and decreasing ρs, as expected, but also with increas-
ing T and decreasing L. A straightforward analysis of
Eq. (2) also shows that the ‘trivial’ prefactor kBT of
the first term provides the predominant T -dependence,
the T -dependence of σ∗ providing only a small correction
that is responsible for the small but visible curvature in
the high-charge curves of Fig. 2. Existing blue-energy
devices [3, 4] already exploit the voltage rise with in-
creasing σ and decreasing ρs by considering isothermal
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Figure 3. (Color online) Isothermal reference cycle ABCDA
(blue) for L = 2nm at T0 = 0
◦C for charging and discharging
strokes AB and CD with salinities ρs = 0.6M (salty) and
ρs = 0.024M (fresh), respectively, and corresponding de- and
resalination strokes BC and DA, respectively. The discharging
strokes in fresh warm water at T = 50◦C (orange) and T =
100◦C (red) take place at higher potentials, thereby enhancing
the electric work W per cycle. The inset shows the performed
work WT per cycle using warm water at temperature T in
units of isothermal reference cycles at T0 = 0, 10, 20
◦C.
charging cycles of the type ABCDA in the σ − Ψ repre-
sentation shown for L = 2nm and T0 = 0
◦C in Fig. 3,
where the charging stroke AB and the discharging stroke
CD take place at ρs = 0.6M (typical for sea water) and
ρs = 0.024M (typical for river water), respectively, sep-
arated by de- and resalination flushing strokes BC and
DA, respectively. The electric work performed by the
device equals W = − ∮ Ψ(σ)dσ per cycle per unit elec-
trode area, which amounts to the enclosed area of the
cycle ABCDA in Fig. 3. However, from the potential
rise with T , especially at low salinity and high electrode
charge as shown in Fig. 2, one constructs that flushing
with and discharging in warm fresh water in stroke BC
and CD, respectively, should increase W . This is con-
firmed by the dashed curves in Fig. 3, which represent
the discharging strokes CD in fresh water at T = 50◦C
and T = 100◦C, revealing a doubling and even tripling
of W , respectively, compared to the isothermal cycle at
T0 = 0
◦C. This sets the upper bound to the maximal en-
hancement by a temperature step, since the latter cycle
contains feed water close to either boiling or freezing. For
several reference starting temperatures T0 = 0, 10, 20
◦C,
the inset of Fig. 3 shows that W grows essentially lin-
early with the employed temperature difference ∆T at a
rate of about 2.5 percent per degree. For a temperature
window of 10-50◦C, this gives a two-fold amplification.
A potential drawback of the proposed desalination-
heating stroke BC and resalination-cooling stroke DA is
the irreversible nature of these flushing steps, which low-
ers the efficiency of the blue engine. Interestingly, how-
ever, it is possible to change the temperature of the water
reversibly, either through heating by charging or through
cooling by discharging. The key notion is that the ionic
entropy loss that occurs during electrode charging, due to
(inhomogeneous) double-layer formation, must be com-
pensated by an equivalent rise of the water entropy (and
therefore a rise of the temperature) if the charging pro-
cess is adiabatic. The magnitude of this effect is found
by rewriting the adiabatic condition dS(Q,T ) = 0 as
dT = −
(∂S
∂T
)−1
Q
( ∂S
∂Q
)
T
dQ =
2T
cQL
(∂Ψ
∂T
)
Q
edσ, (3)
where a Maxwell relation was used to obtain the second
equality and the heat capacity is denoted by T ( ∂S∂T )x ≡
Cx = cxVel. Inspection of Figs. 2 and 3 shows that
(∂Ψ∂T )
∣∣
σ
increases with surface charge and decreases with
salinity, and as a result, the largest temperature steps
will be found at low salinity and high surface charge.
We estimate the order of magnitude of realisable tem-
perature changes by using the typical value of (∂Ψ∂T )
∣∣
σ
=
10−3VK−1. Furthermore approximating the specific heat
of the electrolyte by that of pure water cQ = 4kJK−1`−1,
we estimate that an adiabatic increase of the electrode
charge density of ∆σ = 1nm−2 leads to a temperature
change of ∆T ∼10K. Since experimental charge differ-
ences are typically somewhat smaller than ∆σ ' 1nm−2,
the applicability of this heating-by-charging method is
restricted to a temperature difference of a few degrees at
most. However, with a work increase of a few percent per
degree (see inset of Fig. 3) this could yet be significant.
Similar reversible heat effects were also found experimen-
tally, for a different electrode/electrolyte capacitor [19].
Because of the large heat capacity of water compared
to the ionic mixing entropy, using waste heat to tune
the temperature of capacitive blue-energy devices may at
first sight seem an inefficient application of this abundant
energy source. However, the contrary is the case, espe-
cially for relatively small temperature differences. Con-
sider, as a corollary, a Carnot heat engine operating be-
tween a large cold heat bath at fixed temperature TL
and a finite reservoir with an initial high temperature
TH that cools down as the engine performs multiple cy-
cles. Neglecting any temperature dependence in the heat
capacity, the maximum work done by this engine is given
by W ∝ ∫ TH
TL
(1 − TL/T )dT = TH − TL − TL log(TH/TL),
which vanishes quadratically in the limit of small tem-
perature differences. The blue engine, which has nonzero
work at ∆T = 0, followed by a linear-in-T work enhance-
ment, will beat any ordinary heat engine in this regime
of small temperature differences.
In the presence of an (infinite) salty or brackish sea, the
capacitive blue-energy device in this Letter can be turned
into a desalination device by running it in reverse, at the
expense of consuming energy [12, 20]. During such a re-
versed cycle the device separates a finite volume Ve + Vb
4of sea water into a desired ‘bucket’ of fresh water of vol-
ume Vb and salty water in the pore volume Ve of the
engine, with the remainder of the ions transported to the
sea. The isothermal cycle ABCA illustrated in Fig. 4(a)
is a typical example of such a desalination cycle, com-
posed of (i) a combined charging-desalination stroke AB
in which the capacitor is charged in osmotic contact with
the bucket, thereby desalinating the water volume Vb+Ve
by ion adsorption onto the electrodes until the desired low
salinity is reached in state B, (ii) after securing the bucket
of fresh water, in stroke BC the capacitor (without the
bucket!) is flushed with excess sea water in open circuit
such that the voltage lowers, and (iii) the capacitor im-
mersed in excess sea water is discharged in stroke CA,
thereby releasing ions into the sea water until the initial
electrode charge is reached in A. The enclosed area is the
energy cost ET of this isothermal process. The inset of
Fig. 4 shows ET increasing with T for isothermal cycles
by 10% for the parameters used here, indicating that
it is cheaper to desalinate arctic rather than tropical sea
water.
Interestingly, the temperature dependence of the elec-
trode potential discussed in this Letter can also be
exploited to boost the capacitive desalination device
by adjusting the isothermal three-stroke cycle of the
type ABCA of Fig. 4(a) to become a four-stroke cycle
ABC’D’A in Fig. 4(b) that involves an open-circuit flush-
ing stroke BC’ of the capacitor with warm sea water, a
discharging step C’D’ of the capacitor immersed in ex-
cess warm see water until the initial electrode charge
is reached in state D’, and another open-circuit flush-
ing stroke D’A with cold sea water until the capacitor is
cooled down to the initial state A. Although the salt con-
centrations in C and C’ are identical, the warmer water
in C’ gives rise to higher potential as we have seen in this
Letter, such that the enclosed area of the temperature-
tuned cycle ABC’D’A is smaller than that of the isother-
mal one ABCA. In fact, the temperature difference ∆T
between the warm and cold sea water can be tuned such
that the energy cost of the cycle exactly vanishes. In the
inset of Fig. 4(b) we plot the required ∆T0 as a function
of the system parameters Vb/(Vb + Ve) and L, revealing
that waste-heat induced temperature rises of the order
of 10-20◦C can be enough to desalinate sea water into
potable water at a reduced (or even vanishing) energetic
cost, and that smaller pores require an even smaller tem-
perature boost. Note that the charge σB and potential
ΨB in state B increase with the bucket volume Vb, since
the extracted ions during the AB stroke must all be taken
up by double layers. Restricting attention to small buck-
ets with Vb . Ve, such that ΨB < 1V in order to avoid
electrolysis of water [11], and considering a small ∆T as
a design target for optimal efficiency, we suggest on the
basis of the inset of Fig. 4(b) that temperature-tuned de-
salination devices could be best constructed with Vb ' Ve
and L as small as possible.
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Figure 4. (Color online) (a) An isothermal desalination cy-
cle ABCA (blue, solid) at T = 0◦C, L = 2nm, and relative
bucket volume (see text) Vb/(Ve + Vb) = 0.5. In the charg-
ing stroke AB desalination of bucket and engine takes place
from ρs = 0.6 M in state A to ρs = 0.024 M in state B, after
which the engine is flushed (BC) and discharged (CA) to its
initial state. The inset shows the temperature dependence
of the required energy ET to desalinate water within such
an isothermal desalination cycle. (b) The desalination cycle
ABC’D’A (orange,dashed) contains a discharging step C’D’
in excess warm sea water at temperature T ′ = T + ∆T , and
open-circuit flushing steps BC’ and D’A in which the warm
and cold sea water is pumped into the capacitor, respectively,
where ∆T is tuned here to ∆T0 = 17
◦C such that the energy
cost of the cycle vanishes. The inset shows the dependence of
the zero-energy temperature difference ∆T0 on the pore and
bath characteristics.
In conclusion, on the basis of modified Poisson-
Boltzmann theory (which was actually corroborated
by density functional theory [21] that accounts more
accurately for ionic packing effects), we predict a signif-
icant voltage increase with temperature for water-filled
nanoporous capacitors. We show how this effect can
be applied to boost the efficiency of capacitive blue-
energy and desalination devices by varying the water
temperature along their cyclic processes. Interestingly,
this temperature effect can also be exploited in a
recently proposed continuous desalination device based
on flowing carbon electrodes [22]. Note that we do not
advocate to consume fossil fuels to generate warm water,
but rather to use waste heat, heated cooling water,
etc. that is abundantly available. Our thermodynamic
analysis also shows that the water temperature can be
5changed by several degrees in adiabatic (dis)charging
processes of immersed supercapacitors, which may have
interesting applications. Our work will hopefully not
only inspire and guide experimental work into capacitive
heat-to-power converters, but may also be extended
to describe and exploit the temperature dependence
of modern energy storage devices such as ionic liquids
in nanoporous (super)capacitors [23, 24] or the newly
proposed capacitive device to extract work from mixing
clean and CO2-poluted air [10]. Better understanding
and modeling the physics of the electrode-electrolyte
interface on the nanometer scale is challenging, and the
prospect of direct applications to enhanced sustainable
energy sources and cheaper clean water is inspiring.
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